Objective: W1-mAb is a chimpanzee-derived monoclonal antibody to protective antigen that improved survival when administered before anthrax lethal toxin challenge in rats. To better define W1-mAb's efficacy for anthrax, we administered it after initiation of 24-hr infusions of edema toxin and lethal toxin either alone or together in rats or following anthrax spore challenge in mice.
S hock with Bacillus anthracis is difficult to manage with conventional therapies as recently highlighted by the fatal outbreak of anthrax in injection drug abus-ers in Europe and the case of gastrointestinal anthrax in the United States (1) (2) (3) (4) (5) . Developing effective adjunctive treatments for life-threatening disease is important.
B. anthracis produces two toxins, lethal toxin (LT), comprised of lethal factor and protective antigen (PA), and edema toxin (ET), comprised of edema factor (EF) and PA (6) . PA mediates cellular uptake of the toxic factors (7, 8) . Lethal factor is an endopeptidase that inactivates mitogen-activated protein kinase kinases (9 -12) . ET has strong adenyl cyclase activity that increases intracellular cyclic adenosine monophosphate to high levels (13) . Since both toxins likely contribute to anthrax pathogenesis and may have additive effects, therapies inhibiting PA may be useful (14, 15) . One such agent is a chimpanzee-derived monoclonal antibody against PA (W1-mAb) (16) . Pretreatment with W1-mAb was protective in LTchallenged Fischer rats.
However, there are unanswered questions regarding W1-mAb's efficacy, such as the following: Will it improve survival with ET alone or in combination with LT?
Will it have a benefit if administered after the onset of cardiovascular dysfunction caused by these toxins? Will it be effective administered following anthrax spore challenge? We therefore investigated these questions in rats challenged with 24-hr ET or LT infusions alone or in combination and in mice challenged with spores of a Sterne-like B. anthracis strain.
MATERIALS AND METHODS
Animal Care. The protocol used in this study was approved by the Animal Care and Use Committee of the Clinical Center, National Institutes of Health (Bethesda, MD).
Design of Toxin-Challenged Rat Studies. Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA) (n ϭ 453) weighing between 250 and 280 g, with central venous and systemic arterial catheters, were briefly anesthetized with isoflurane for connection to infusion lines and transducers (see the electronic supplement for more detailed methods [Supplement Digital Content 1, http://links.lww.com/CCM/A238]). They were then challenged with 24-hr infusions of: 1) ET (EF, 500 g/kg, with double the amount of PA), 2) LT (lethal factor, 175 g/kg, with double the amount of PA), or 3) LT and ET in combination (lethal factor and EF, 175 g/kg each, with double the amount of PA). LT and ET were administered together in these doses because lethal factor and EF have similar molar weights and affinities for PA. A control group of animals received 24-hr diluent infusions.
Toxin components were prepared and administered as previously described (17) . At a time of 0, 6, or 12 hrs following the start of toxin infusion, animals were randomized to treatment with W1-mAb or diluent (placebo) administered intravenously. Doses of W1-mAb were either equal to (1ϫ) or ten times (10ϫ) the molar dose of PA. All animals received similar volumes of toxin and treatment. Animals not challenged with toxin (controls) were treated with placebo at one of the three treatment times. Immediately before toxin challenge and at 2-hr intervals until catheter disconnection (24 hrs), mean arterial blood pressures (MBPs) and heart rates (HRs) were recorded as previously described (18) . In animals receiving treatment at 6 or 12 hrs, hemodynamic measurements at these times were performed immediately before treatment. Animals receiving W1-mAb at 0 hrs had blood drawn at 4, 8, and 24 hrs for measurement of arterial blood gases, complete blood counts, and serum lactate, blood urea nitrogen, creatinine, liver enzyme (alanine and aspartate transaminases), and creatine phosphokinase levels (Trilogy Clinical Chemistry, Drew Scientific, Dallas, TX). The alveolar to arterial oxygen gradient was calculated (18) . Animals were observed every 2 hrs for the first 24 hrs, then every 4 hrs from 24 to 48 hrs, and finally every 12 hrs for up to 168 hrs. Weekly experiments were performed, each of which included 24 animals randomized to either diluent challenge and placebo treatment or toxin challenge with placebo or W1-mAb treatment. Additional experiments tested the effects of lower doses of W1-mAb (0.5ϫ and 0.1ϫ) administered at the initiation toxin infusions.
Design of Anthrax-Spore-Challenged Mouse Studies. Spore-sensitive C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME) weighing 22-25 g were randomized to receive either 25 or 100 g of W1-mAb prepared in phosphate-buffered saline and administered intraperitoneally 24 and 3 hrs before or 24 and 48 hrs after subcutaneous challenge with 2 ϫ 10 7 spores of the capsule-deficient anthrax A35 strain prepared as previously described (19, 20) . Another group of spore-challenged animals received placebo (phosphate-buffered saline only) treatment. Animals were observed daily for a total of 10 days and had access to water and feed throughout.
W1-mAb Preparation. Anti-PA neutralizinantigen binding fragment W1 was generated from chimpanzees that were immunized with PA. The antigen-binding fragment was then converted into a full-length immunoglobulin G with the human r1 heavy chain constant region, as previously described (21) . The immunoglobulin G was produced from stably transformed Chinese hamster ovary cells and purified through protein A and size exclusion columns.
Statistical Analysis. The effects of W1-mAb on survival and hemodynamic measures were , or ET and LT in combination (175 g/kg each) and treated with a chimpanzee-derived monoclonal antibody against protective antigen (W1-mAb; 1ϫ or 10ϫ) or placebo (0ϫ). Treatment was administered at the initiation of toxin infusion (0 hrs) or 6 or 12 hrs after the start of toxin infusion (designated by the gray inverted triangles). The number of animals studied for each combination of toxin and treatment is shown. Since survival in placebo-treated animals studied with either 1ϫ or 10ϫ W1-mAb doses did not differ significantly, these data are combined in the present plots. The corresponding effects of W1-mAb on the log(odds ratio of survival), log(OR), Ϯ SE and the p values for these effects are shown in each panel. The log(OR) values for either the 1ϫ or 10ϫ W1-mAb doses were calculated on the basis of their respective placebo-treated controls (see Materials and Methods). PA, protective antigen.
the primary outcomes for the study. To measure survival in the rat studies, power estimates were conducted and sample sizes calculated. These were reviewed and approved by an Animal Care and Use Committee before the experiments. It was planned at the outset of study that hemodynamic and other measures would be obtained with animals estimated for survival studies. This analysis and factors that later influenced the final number of animals studied are detailed in the electronic supplement (Supplement Digital Content 1, http://links.lww.com/CCM/A238). Kaplan-Meier plots of survival are presented for the toxin challenge studies. The analysis of the median time to death comparing toxins in placebo-treated nonsurvivors was performed using the Wilcoxon signed rank test. The effect of toxin on survival rates in placebo-treated rats and the effect of W1-mAb compared to placebo treatment in spore-challenged mice were analyzed using Fisher's exact test. The effect of W1-mAb treatment on the odds ratio of survival was analyzed with the Mantel-Haenszel chi-square test. Survival in toxin-challenged animals treated with placebo did not differ significantly compared to that of experiments testing either 1ϫ or 10ϫ W1-mAb doses with each toxin; these data were therefore combined as the 0ϫ group and are shown as single plots in Figure 1 . However, the effects of W1-mAb on the odds ratio of survival were calculated and analyzed for each dose of W1-mAb using its own concurrent control. Initial pilot studies assessed the dose response characteristics of the toxin preparations to be used.
In studies in rats, other laboratory variables were analyzed using a mixed model with Statistical Analysis System version 9.1 software (SAS Institute, Cary, NC), and least square means (ϮSEM) were reported. As in prior studies, the effects of treatment on hemodynamic measures (MBP and HR) compared to placebo were analyzed on the basis of changes over 12-hr periods from values measured immediately before treatment (14) . Hemodynamic and other laboratory data in toxin-challenged animals treated with placebo did not differ significantly compared to those of experiments testing W1-mAb doses of 1ϫ or 10ϫ, and these placebo data were combined as the 0ϫ group for analysis throughout. Data were log transformed where appropriate. All results are expressed as least square means (ϮSEM), and two-sided p values of Յ.05 were Table 1 . Summary of the proportion of animals surviving challenge with edema toxin, lethal toxin, or edema and lethal toxins together treated with placebo (0ϫ) or with one of four doses of W1-mAb at the time of infusion start Proportion surviving (%) for each W1-mAb dose
Edema toxin (500) 1 of 12 (8 W1-mAb is a chimpanzee-derived monoclonal antibody against protective antigen. a Dose of factor; b p Յ .01 compared to 0ϫ. W1-mAb is a chimpanzee-derived monoclonal antibody against protective antigen. a Compared to diluent challenge, edema toxin with placebo treatment produced progressive decreases in the mean arterial blood pressure throughout (p Ͻ .0001 for the interaction with time averaged over placebo groups), while challenges with lethal toxin alone or lethal toxin together with edema toxin produced decreases in mean arterial blood pressure that were resolved by 24 hrs (p Յ .004 for the interaction with time averaged over respective placebo groups). See Results for a full description of these comparisons; b bold values were employed to compare over similar periods of time (12 hrs) the effects of W1-mAb administered at different time points. The levels of significance for the overall effects of W1-mAb and interaction of this effect and time are shown in Figure 2 ; c treatment at 0, 6, or 12 hrs (see Material and Methods). considered significant. Analysis is unadjusted for multiple comparisons.
RESULTS

Toxin-Challenged Rat Studies
Survival. The number of animals assigned to each group is shown in Figure  1 . In animals challenged with toxin and treated with placebo, the overall survival rate with ET alone was lower than with LT alone or LT together with ET (8% vs. 33% or 32%, respectively) (p Յ .01 for each compared to ET alone) ( Fig. 1) . However, the median time (range) until death with ET [36 hrs (11-96 hrs) ] was significantly longer than that with LT alone [11 hrs (4 -132 hrs)] or LT together with ET [9 hrs (4 -166 hrs)] (p Յ .01 for each compared to ET alone).
In animals challenged with ET alone, compared to treatment with placebo, treatment with both doses of W1-mAb (1ϫ and 10ϫ) increased survival whether administered at the initiation of (0 hrs) or 6 or 12 hrs after the start of toxin infusion [log(odds ratio of survival) Ϯ SE ranged from 3.5 Ϯ 1.8 to 5.3 Ϯ 1.7, p Յ .01 for all] (Fig. 1) . In animals challenged with LT alone, treatment with both doses of W1-mAb at 0 hrs significantly increased survival, as did treatment with the 1ϫ dose at 6 hrs (3.6 Ϯ 1.5 and 4.2 Ϯ 1.5, respectively, at 0 hrs and 2.6 Ϯ 0.8 at 6 hrs, p Յ .001). However, the 10ϫ dose given at 6 hrs and both doses at 12 hrs did not improve survival with LT alone. Finally, in animals challenged with LT and ET together, while both W1-mAb doses increased survival significantly when administered at 0 hrs (3.1 Ϯ 0.9 and 4.4 Ϯ 1.5, respectively, p Յ .0002), neither did at 6 or 12 hrs.
With each toxin challenge, reducing the dose of W1-mAb with treatment at 0 hrs to either 0.5ϫ or 0.1ϫ was still protective (Table 1) . However, these effects were not as pronounced as with the W1-mAb 1ϫ dose.
Hemodynamic and Other Laboratory Measurements. For both hemodynamic and other laboratory measurements, the initial number of animals in each group is shown in Figure 1 . The number of animals remaining over time for subsequent measures can be determined by the proportional survival curves shown in this figure.
Compared to animals receiving diluent challenge only, ET challenge in animals treated with placebo produced progressive decreases in MBP throughout and increases in HR that returned toward baseline levels later (p Ͻ .0001 for the interaction with time for both MBP and HR, Tables 2 and 3 ). Challenges with LT alone or LT together with ET in animals treated with placebo produced decreases in both MBP and HR that were resolved by 24 hrs (p Յ .004 for the interaction with time, Tables 2 and 3 ).
In animals challenged with ET alone, compared to placebo treatment, 1ϫ or 10ϫ doses of W1-mAb treatment at 0, 6, or 12 hrs increased the MBP over subsequent 12-hr periods, and these changes were significant with both the 0-and Table 3 . Serial mean (ϮSEM) heart rate over 24 hrs of measurement in animals receiving W1-mAb in 1ϫ or 10ϫ molar doses of protective antigen or placebo at the time of (0 hrs) or 6 or 12 hrs after the start of anthrax toxin or diluent infusions W1-mAb is a chimpanzee-derived monoclonal antibody against protective antigen. a Compared to diluent challenge, edema toxin with placebo produced increases in heart rate that returned toward baseline levels later (p Ͻ .0001 for the interaction with time averaged over placebo groups), while challenges with lethal toxin alone or lethal toxin together with edema toxin produced decreases in mean arterial blood pressure that were resolved by 24 hrs (p Յ .004 for the interaction with time averaged over respective placebo groups). See Results for a full description of these comparisons; b bold values were employed to compare over similar periods of time (12 hrs) the effects of W1-mAb administered at different time points. The levels of significance for the overall effects of W1-mAb and interaction of this effect and time are shown in Figure 3 ; c treatment at 0, 6, or 12 hrs (see Material and Methods). 12-hr treatments (p Յ .05) (Fig. 2 , Table  2 ). With ET challenge, 1ϫ or 10ϫ W1-mAb treatment at 0 hrs decreased the HR (p Յ .01) while treatment at 6 or 12 hrs caused later increases (p Յ .04 for the interaction with time) (Fig. 3 , Table 3 ). In animals challenged with LT alone, compared to placebo treatment, 1ϫ or 10ϫ W1-mAb treatment at 0 or 6 hrs but not 12 hrs increased the MBP (p Յ .04). With LT challenge alone, 1ϫ W1-mAb treatment at 6 hrs increased the HR (p ϭ .03). In animals challenged with LT and ET together, compared to placebo, 1ϫ or 10ϫ W1-mAb treatment at 0 hrs but not later times increased the MBP (p Յ .01); neither dose significantly altered the HR at any time.
Across measurement times (4, 8, and 24 hrs), compared to diluent challenge, ET challenge alone in animals treated with placebo decreased arterial base excess, bicarbonate, lymphocytes, and platelets and increased lactate, blood urea nitrogen, creatinine, aspartate transaminase, alanine transaminase, creatine phosphokinase, and neutrophils either throughout or in patterns that increased over time (p Յ .02 for the effect of toxin or for the interaction with time) (Fig. 4) . ET had variable effects on the alveolar to arterial oxygen gradient, first increasing and then decreasing it (p ϭ .001 for the interaction with time). In animals challenged with ET alone, compared to treatment with placebo, W1-mAb treatment with either 1ϫ or 10ϫ doses at time 0 hrs increased the pH, arterial base excess, and bicarbonate and decreased lactate, blood urea nitrogen, aspartate transaminase, alanine transaminase, creatine phosphokinase, and neutrophils overall or at later time points (p Յ .05 for the effect of W1-mAb or for the interaction with time) (Fig.  4) . Both W1-mAb doses had variable effects on the alveolar to arterial oxygen gradient, decreasing it at 8 hrs and increasing it at 24 hrs (p ϭ .002 for the interaction with time). Low-but not high-dose W1-mAb decreased platelets (p ϭ .005). Rapid lethality with LT infusion alone or together with ET resulted in small sample sizes and less robust analysis of these laboratory measures. These data are described and presented in Table  E1 (see Supplement Digital Content 2, http://links.lww.com/CCM/A237).
Spore-Challenged Mouse Studies
In animals treated with placebo, subcutaneous challenge with anthrax A35 spores was associated with a 100% mortality rate (0 of 15 animals survived; deaths occurred between 48 and 148 hrs). Treatment with W1-mAb improved survival whether it was administered 24 and 3 hrs before spore infection (10 of 10 animals survived when receiving a 25-g Effect of 1ϫ or 10ϫ doses of a chimpanzee-derived monoclonal antibody against protective antigen (W1-mAb) compared to placebo (0ϫ) on serial changes in mean arterial blood pressure (MBP; mm Hg) over the 12-hr period immediately following treatment at the time of (0 hrs) or 6 or 12 hrs after the start of 24-hr infusions of edema toxin (ET; 500 g/kg), lethal toxin (LT; 175 g/kg), or ET and LT together (175 g/kg each). As in prior studies, these changes were calculated on the basis of MBP measures made immediately before treatment (14) . Changes in placebo-treated animals in experiments testing the low or high W1-mAb doses with each toxin did not differ significantly, and these were combined for analysis and presentation for each time point. In each plot, p ␣ and p ␤ demonstrate the level of significance for the effect of W1-mAb across the time points and for the interaction between these effects and time, respectively. The inverted gray triangles demarcate when treatment was administered. PA, protective antigen. dose at each time point) or 24 and 48 hrs after spore infection (8 of 10 survived when receiving 25 g of antibody at each time point, and 5 of 5 animals survived when receiving 100 g at each time point) (p Ͻ .0001 for all compared to placebo).
DISCUSSION
The present investigation provides data supporting the potential effectiveness of W1-mAb as a toxin-directed therapy for anthrax. Compared to high lethality rates in animals challenged with ET and treated with placebo, all animals receiving either the low or high dose of W1-mAb survived even when treatment was delayed for 12 hrs. W1-mAb also improved survival significantly if started 6 hrs after the initiation of LT alone. Finally, W1-mAb improved survival when administered at the start of challenge with LT and ET in combination. Of note, while the dose of the ET employed produced greater overall lethality compared to LT, the time to death with ET alone was significantly longer. In fact, lethality with some LT doses alone or in combination with ET was largely complete by 12 hrs after the initiation of challenge. Therefore, more rapid lethality with LT vs. ET may underlie the greater apparent efficacy that delayed W1-mAb treatment had with ET. It is also possible that LT and ET together had effects that were even more resistant to the protective effects of later W1-mAb treatment than LT alone. Importantly, W1-mAb provided substantial protection in spore-challenged mice, even when treatment was delayed until 24 hrs after the spore challenge.
Improved survival with W1-mAb treatment in the rat model appears related in part to improved hemodynamic function. Increased intracellular cyclic adenosine monophosphate is closely associated with systemic vasodilation and increased cardiac pacemaker cell activity (22, 23) . Progressive hypotension and rapid increases in HR after the start of ET challenge in the model are consistent with EF's strong adenyl cyclase activity (17) . However, treatment with W1-mAb as late as 12 hrs increased blood pressure, and early treatment reduced tachycardia. W1-mAb was also associated with reduced acidosis and improved renal and hepatic function with ET.
Different from ET, hypotension with LT is likely related to both peripheral vascular dysfunction and direct myocardial injury (24 -28) . Inappropriate reductions in HR may also contribute to shock with LT (17, 18) . Notably, W1-mAb treatment as late as 6 hrs after the initiation of LT increased blood pressure and the HR. Finally, early treatment with W1-mAb before substantial mortality had occurred increased blood pressure following challenge with both toxins together. As with survival, more rapid mortality may have obscured potential beneficial hemodynamic effects with W1-mAb when administered following LT alone or in combination with ET. It is possible that, during Effect of 1ϫ or 10ϫ doses of a chimpanzee-derived monoclonal antibody against protective antigen (W1-mAb) compared to placebo (0ϫ) on serial changes in heart rate [HR; beats per minute (BPM)] over the 12-hr period immediately following treatment at the time of (0 hrs) or 6 or 12 hrs after the start of 24-hr infusions with edema toxin (ET; 500 g/kg), lethal toxin (LT; 175 g/kg), or ET and LT together (175 g/kg each). As in prior studies, these changes were calculated on the basis of HR measures made immediately before treatment (14) . Changes in placebo animals in experiments testing the low or high W1-mAb doses with each toxin did not differ significantly, and these were combined for analysis and presentation. In each plot, p ␣ and p ␤ demonstrate the level of significance for the effect of W1-mAb across the time points and for the interaction between these effects and time, respectively. The inverted gray triangles demarcate when treatment was administered. PA, protective antigen. active infection, either with slower increases in LT levels or with concentrations possibly not as great as those present here, the W1-mAb doses employed in rats or higher ones may be effective. Consistent with this, W1-mAb improved survival with spore challenge even when treatment was delayed for 24 hrs.
Effective dosing requiring the least amount of agent will facilitate inclusion of toxin-directed therapy in biodefense stockpiles. In these rat experiments, a dose of W1-mAb equal to a molar equivalent of PA (i.e., 1ϫ) appeared as effective as the 10ϫ dose. In fact, reducing the dose further to 0.1ϫ with ET and 0.5ϫ with LT still provided some protection. Further defining the dose of W1-mAb effective during live bacterial infection is important. It will also be important to determine the optimal storage conditions and shelf-life of such preparations as well as the resources necessary for their administration to large numbers of pa-tients. Ultimately, whether antibody preparations can be effectively administered in mass casualty situations will require careful analysis.
Both PA-directed monoclonal antibody preparations (i.e., Raxi-mAb) and pooled human antiserum (anthrax immunoglobulin) are available for application clinically (29, 30) . Although further study is needed, W1-mAb may represent another potential PA-directed agent. At present, only anthrax immu- noglobulin has been applied clinically either in several isolated cases or in patients from the recent United Kingdom anthrax outbreak. This combined experience has yet to be reported (5, 30) . How monoclonal antibody preparations compare with pooled antiserum has not been tested.
There are limitations to the present investigations. Neither of the models employed included the full range of virulence factors present in clinical anthrax infection (e.g., the polyglutamate capsule that protects vegetative bacterial forms from host clearance). Also, neither model employed the conventional therapies employed in patients. The importance of including such interventions preclinically is emphasized by experience with another PA-directed antibody that was beneficial following spore challenge in the absence but not the presence of antibiotics (29) . However, high survival with antibiotics in that study may have masked the benefit of treatment. Thus, to determine whether a toxin-directed treatment improves outcome together with antibiotics, preclinical models should incorporate bacterial challenges producing measurable lethality despite antibiotic doses similar to those employed in seriously ill patients. It is also possible that, during anthrax infection, early hemodynamic support and antibiotic treatment would slow clinical deterioration and increase the effectiveness of delayed toxindirected treatment. Another limitation in the present study is that central nervous system penetration of W1-mAb was not tested. This would be important to determine on the basis of the poor outcome associated with anthrax infection complicated by meningitis. Finally, with regard to statistical methods, bias may have been introduced into this study since some research assistants were not blinded to the experimental conditions. Also, no adjustments were made for multiple comparisons.
In conclusion, in rats challenged with ET or LT infusions and in mice challenged with live anthrax spores, W1-mAb improved survival whether administered before or after challenge. Chimpanzee immunoglobulins such as W1-mAb are very similar to human immunoglobulins and have been shown to have potentially useful clinical applications (31) . This observation and the present findings in rat and mouse models provide a basis for further exploring the usefulness of W1-mAb for the treatment of anthrax.
